All material supplied via Aaltodoc is protected by copyright and other intellectual property rights, and duplication or sale of all or part of any of the repository collections is not permitted, except that material may be duplicated by you for your research use or educational purposes in electronic or print form. You must obtain permission for any other use. Electronic or print copies may not be offered, whether for sale or otherwise to anyone who is not an authorised user. A calculation method based on the two-component density-functional theory is presented for electron systems with a localized positron. Electron-ion and positron-ion interactions are described by normconserving pseudopotentials and full ionic potentials, respectively. The electron and positron densities are solved self-consistently using a plane-wave expansion for electron and a real-space grid method for positron wave functions, respectively. The forces on ions exerted by a positron trapped at an openvolume defect and the ensuing ionic relaxations are determined using first-principles methods. In the case of semiconductors, the self-consistent solution of electron and positron densities as well as the ionic positions are found to depend strongly on the treatment of the electron-positron correlation in constructing the effective potentials. We consider several approximations to the correlation energy while demonstrating the method by calculations for a positron trapped by a Ga vacancy in CxaAs. Especially, the effects on the observable positron annihilation characteristics, i.e. , positron lifetimes, core annihilation line shapes, and two-dimensional angular correlation maps are discussed.
I. INTRODUCTION
The experimental methods based on positron annihilation are powerful tools in investigating the electronic structures of solids, especially the properties of vacancytype defects in materials. ' The vacancy-type defects trap positrons due to the reduction of the repulsive nucleus-positron interaction. The trapping leads to an increase of the positron lifetime because the average electron density at a vacancy-type defect is lower than in the perfect crystal. At the same time the ratio between the annihilations with core and valence electron changes.
The momentum density of the valence electrons sampled by the localized positron also deviates from its bulk value, and is reAected in the angular correlation of annihilation radiation (ACAR The principles for calculating positron states and annihilation characteristics have been laid down as the two-component density-functional formalism. Although the formalism has been presented already several years ago, its applications have been quite scarce thus far. Recently, Gilgien et QI. ' demonstrated the strength of the method in the case of the singly negative As vacancy in GaAs. The calculation included also the self-consistent relaxation of the atoms around the vacancy, so that it was the first ab initio calculation of its kind. In semiconductors the relaxation of atoms plays a crucial role in determining the properties of defects and the importance of the positron-induced relaxation, which was earlier discussed serniempirically, " was treated by Gilgien et al. from first principles.
In the two-component density-functional theory the basic quantities are the positron and electron densities.
In the case of a localized positron at a lattice defect, the positron density is finite near the defect and has an e6'ect on the average electron density. The electron and positron densities have to be determined simultaneously, requiring the self-consistency of the solution ( 1995 The American Physical Society small everywhere, and does not affect the bulk electronic structure). The self-consistency includes the Coulombic Hartree interactions and the different exchange and correlation interactions among the charge densities. As a matter of fact, it turned out during this work that even the qualitative results can depend sensitively on the treatment of the electron-positron correlation energy. The relative importance of the electron-positron correlation energy is much larger than the electron-electron correla-. tion energy. This is natural, because the magnitude of the former, calculated per positron in a homogeneous electron gas, is an order of magnitude larger than the electron-electron correlation energy per electron for the same electron gas density.
We have used for the electron-positron correlation energy the local-density-approximation (LDA) scheme suggested by Boronski and Nieminen (BN) , in which the correlation energy functional and the corresponding contributions to the effective electron and positron potentials depend on the electron and positron densities. For this scheme we introduce a two-dimensional interpolation form for the correlation energy based on Lantto's hypernetted chain approximation calculations' for homogeneous electron-positron plasmas with varying positron and electron densities. We have also carried out calculations using the model suggested by Gilgien et al. ' (GGGC) for the electron-positron correlation energy. In this model the positron potential does not depend explicitly on the positron density, and in the case of localized positrons the effective potential is much more attractive than in the BN scheme. In model calculations, in which the ions are not allowed to relax due to positron trapping it is customary to apply the "conventional" scheme (the CONV scheme) in which the electron density is not at all afFected by the positron. Then the positron potential depends only on the electron density, unperturbed by the presence of the positron. The results of this approach are in fact very similar to those obtained by the BN scheme (see below). Finally, we have made calculations also by completely omitting the electron-positron correlation in constructing the eff'ective potentials (the NOCORR scheme). This leads to results that are in many aspects close to those obtained by the GGGC scheme.
The enhancement of the electron density at the positron, or the contact value of the electron-positron paircorrelation function, is When a positron enters the electron system of a solid, it gathers a screening cloud of electrons around it. In the two-component formalism for a positron trapped by a defect the screening cloud consists of the relaxation of the "average" electron density n' towards the localized positron density n& and of the "short-range" correlation cloud when the positron is thought to be fixed in a given point in the system. In the total-energy functional the first effect of screening enters through the electronpositron Hartree interaction term in Eq. (1). The correlation part is included in the (unknown) functional
Besides the correlation energy functional the correlation effects manifest themselves through the positron-electron contact density (the so-called enhancement factor) used in calculating the annihilation rate. We will first consider the approximation for the correlation energy. Lantto'
has later published more data for the electron-positron correlation energy, including several ratios of the electron and positron densities. On the basis of the these data we have constructed a new wellbehaving interpolation form F, ' (n', n ) Th. e ratio of the electron and positron densities is denoted as x =ni'ln' . For the interpolation we use the functional form 1 =a(r,')+b(r,')rf +c(r, ')(r~) E'I'(n' n~)
The above fit behaves well around the typical electron and positron densities at vacancies in semiconductors (r, '=r~=3 a.u.). The fit is, however, based on results with r,~1 a.u. , only. In the ion-core region where r, ' is less than unity and r~i s very large, one should in practical calculations of the correlation energy smoothly switch to the form. of Eq. (13) In the case of a delocalized positron in a perfect crystal lattice the positron density is vanishingly small at every point. Therefore the electron density is not affected by the positron and can be calculated as in the usual onecomponent formalism. From the electron density, the positron potential is constructed in the limit of the vanishing positron density in accordance with Eqs. (9) and (13) as V"(r)= Vc " (ri)+e~(pn (r}), (17) where the Coulomb part Vc,"& arises from the nuclei and the electron density. Then the positron wave function is solved. No self-consistency iterations are needed when introducing the positron.
The procedure for delocalized positron states is remarkably simpler than the full two-component scheme required for the localized positron states. For this reason and also because of the lack of the two-component electron-positron correlation functional the procedure has been widely used also for localized positron states. This procedure is the above-mentioned CONV scheme. 
These interpolation forms differ slightly from the fits made by Boronski and Nieminen.
The total annihilation rate is obtained from Eq. (18) by integrating over the momentum. The result is i=mr, c f n~(r) 'n(r)g(n'(r), n~(r)) rd.
A, , = f n~(r)g(n'(r), n~(r))n'(r)dr,
A, , = f n (r)gF(n'(r), (rn)F)n'(r)dr .
In the CONV scheme for localized positrons at defects
In the LDA for positron annihilation the total annihilation rate is divided into core (A, , ) and valence (A, , ) most panels of Fig. 4 it can be seen that the average electron density at the vacancy clearly increases from Fig.  4(a) to Fig. 4(b) , but the positron densities are closer to each other. In the GGGC scheme the increase of the electron density is according to Fig. 4(c) somewhat stronger than in the BN scheme, but the maximum positron density is by a factor of two larger than in the CQNV or in the BN scheme. The positron density obtained in the NOCORR scheme is according to Fig. 4(d) nearly the same as in the GGGC scheme. The electron density at the vacancy is slightly lower in Fig. 4(d) than in Fig. 4(c) due to the omission of the attractive electron part of the electron-positron correlation. Figure 5 , which shows the positron potentials, explains nicely the trends seen in the positron density. In the two-component BN scheme the total positron potential is quite similar to that in the CONV scheme. This is a result of the cancellation of the changes in the Hartree potential and in the correlation potential when the model for the positron screening changes from the conventional one to that of the two-component theory. It can be seen that the Hartree potential is lowered when the electron density at the vacancy increases, but the two-component correlation potential rises when the positron density increases. In the GGGC scheme this cancellation does not occur, because, to a rather good approximation, the correlation potential is the same as in the CQNV scheme whereas the Hartree potential is close to that obtained also in the BN scheme.
In the two-component NOCORR calculation the total potential of the positron consists only of the Hartree term, which to a high accuracy is the same as that obtained in the GGGC scheme. Because the correlation potential in the GGGC scheme is quite structureless inside the vacancy, its omission does not affect the positron density. In the CONY scheme the omission of the positron correlation potential improves the positron localization at the vacancy, because due to the higher electron density the correlation potential is more attractive in the interstitial regions than at the vacancy. When the electron density is then allowed to relax in a two-component calculation the localization is further improved due to the accumulation of the screening electron charge at the vacancy. Figure 6 shows the contour map of the relaxation of the electron density due to the introduction of the positron into the ideal Ga vacancy. This map is obtained as a difference between the electron density calculated with the positron using the BN scheme and that of a clean vacancy. The electron density decreases quite evenly from the bond regions far from the vacancy. Close to the vacancy the screening charge shows maxima at the dangling bonds. Thus, the positron shows a tendency towards to healing the effects of the vacancy to the bulk electronic structure.
The positron lifetimes, core and valence annihilation rates, as well as the trapping energies at the ideal triply negative Ga vacancy calculated in different schemes are shown in Table I density changes, due to approximations used in its construction or in the present two-component formalism due to the Gnite positron density, the positron density follows the electron density in such a way that the electronpositron overlap and the annihilation rate are conserved.
In the present case the strength of the feedback e6ect is obvious because the changes in the electron and especially in the positron densities between the CONV and the GGGC methods are very large (see Fig. 4 ). The similarity of the lifetimes of the CONV and the BN schemes is a result of the near cancellation of the increase of the annihilation rate due to the increased electron density and the decrease the annihilation rate due to the finite positron density when switching from the former scheme to the latter.
According to Table I, the annihilation rate for the core electrons is much more sensitive to the calculation scheme than the positron lifetime. The CQNV and the BN schemes give for the ideal Ga-vacancy practically the same core annihilation rate of -0.3 ns '. The GGGC and NOCORR schemes gives core annihilation rates smaller by approximately a factor of two. The reduction seen in the GGGC and NOCORR schemes relative to the CONV and the BN schemes is due to the stronger positron localization in the former. The relative 8'parameters, calculated from Eq. (24) Next we consider the 2D-ACAR spectra calculated from the valence electron densities in the diA'erent schemes. The 2D-ACAR maps corresponding to the perfect bulk lattice and the ideal triply negative Ga vacancy calculated in the CONV scheme are shown in Fig. 7 . The momentum density p(p) of Eq. (18) Fig. 8(a) as a function of the amplitude of the relaxation. The CONV scheme results included in Fig. 8(a ?.5 (a) and GGGC (b) schemes. The experimental map by Manuel et al. (Ref. 16 (d) and (e) by solid lines, the results of the BN (solid circles) and GGGC (crosses) 
